Fundamental challenges within the plasma processing community involve reducing emissions, improving energy efficiency and controlling processes on the micro-and nano-scales.
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However, most plasma-liquid applications have occurred with or within bulk solutions. For many plasma applications, the chemical processes occur at the interface between the plasma and liquid, where active species initiate a cascade of nonequilibrium processes as they interact with the liquid. The chemical mechanisms facilitated by the plasma-liquid interactions, such as nanoparticle growth, are then controlled or limited by diffusion. This has made the mixing of the bulk solution critical in controlling plasma-liquid chemical processes, such as producing size-uniform nanoparticles. 9 In attempts to improve plasma-liquid processing efficiency, rotating drum 10 and falling-film reactors 11 that create thin liquid films have been reported. Here the creation of thin films improves the plasmatreated surface to bulk ratio. These reactors have revealed the advantages of plasma-interactions with thin films by increasing the rate of degradation of persistent chemicals. However, in both of these reactors reducing the liquid film thickness has been undesirable as it reduces the liquid volume treatment rate. Moreover, the high operating cost and energy consumptions of these reactors has also limited the scope of their applications. 12 In recent years, microfluidic and dynamic thin-film processing platforms have enabled novel applications in chemistry and biochemistry, 13 through their ability to control chemical reactivity and selectivity, and the manipulation of self-organised systems. 14 These technologies rely on controlling and manipulating fluids on micrometre scales. The vortex fluid device (VFD) 15 has emerged as a low-cost chemical processing platform for novel and improved chemical processing. Its applications have included refolding proteins, 16 decorating nanoparticles, 17 controlling chemical reactivity and selectivity, 18 slicing carbon nanotubes, 19 and improving the loading efficiency of vesicles for drug delivery. 20 Here small volumes of liquid are spun within a rapidly rotating tube with one end open that is tilted at an angle (y) with respect to a horizontal axis. Dynamically-mixed thin liquid films are then generated in a controlled way through the rotational speed, tilt angle and fluid volume available, while mechanical vibrations can introduce Faraday waves into the fluid. 21 The properties of these thin liquid films are highly desirable for plasma liquid processing, as they address the inherent limitations and problems of plasma-liquid processing with bulk liquids. Further, as dynamic thin-film technologies assist in mass transport between the gas-and liquid-phases, they offer advantages in transporting active species formed in the plasma into the liquid. This may offer enhancements to the plasma-liquid processing capabilities.
In this paper we demonstrate plasma-liquid processing within dynamic thin liquid films in a vortex fluidic device. This technology is of broad interest to the wider chemical community as it offers opportunities to realise innovation through its distinct advantages and its potential to be adapted to a diverse range of plasma-liquid processing regimes. The prototype plasma thin liquid film technology is illustrated in Fig. 1 . Here a 20 mm OD glass tube is rotated at speeds of up to 10 000 rpm.
A finite volume of liquid within the tube or a flow of liquid into the tube forms a vortex at the base of the tube to create a thin liquid film along the tube walls. A cylindrical stainless steel electrode (length 38 mm; 14 mm OD) is located within the tube, whilst a variable configuration brass electrode is located outside the tube. A plasma circuit generated high voltage (HV) negative pulses that were alternatingly applied to either the inner or outer electrode. This generates a pulsed alternating current (AC) electric field ( -E-field) that ionizes the atmosphere above the film to produce a non-thermal plasma. This process is illustrated in Fig. 1 , with an inset photo also showing the streamers (micro-discharges) ignited between the electrode and liquid film. The high mass transfer enhances active species formed in the plasma initiating or catalysing chemical processes within the thin liquid film, a feature unique to our technology. The large surface to bulk ratio, characteristic of thin liquid films, and its dynamic mixing within the device ensures that all of the liquid in the plasma region is exposed to the plasma. Furthermore, the variable rotational speed gives unprecedented control of the film thickness that is in contact with the plasma. In this way, the technology overcomes the limitation of plasma processing bulk solutions when the processes are driven through the plasma-liquid interface. The continuous mode of operation also facilitates uniform plasma exposure through the adjustment of liquid residence time within the active plasma region (liquid flow rate), whilst also being scalable for process intensification or suitable for assembly line syntheses. 22 The plasma properties can also be adapted through the chemicals in the solution and gas atmosphere, the available energy, and the pulse duration and repetition frequency. These parameters can manipulate the number and intensity of the micro-streamers, and the resultant activity of the plasma that drives chemical processes. This innovative technology therefore opens up a new research space for plasma chemical processing within thin-liquid films.
It is important to note that there has been recent interest in creating plasma-on-chip devices. These devices have enabled optical emission spectroscopy for trace metal detection, 23 and recently for treating individual cells in culture media. 24 These devices are still limited in scope through both the clogging inherent to channel based microfluidic platforms and problems relating to channel distortion and electrode damage from the plasma. 25 Our technology also overcomes these limitations.
To illustrate the utility of plasma processing in thin liquid films, as a novel and effective platform for chemical and material processing, we have investigated plasma-liquid processing of colloidal graphene oxide (G-O) in water. Since the discovery of the exceptional properties of graphene in 2004, 26 the modified forms of graphene have attracted intense research interest. Among them, G-O is undoubtedly one of the most important candidates, as it can be readily produced from inexpensive graphite in a relatively high yield, and it can be stably dispersed in a variety of solvents including water due to its amphiphilicity, thereby dramatically improving the processability of the atomically thin platelets for a wide range of applications. 27 Exploring the chemical properties of G-O requires controlling its morphology away from the purely two-dimensional form. 28 Indeed, physical deformation of the platelets, such as scrolls and crumples, might affect its chemical activity, especially along ripples or edges with high curvatures that would activate particular regions of atoms. 29 Manipulation of G-O is important for controlling its anti-fouling properties 30 and its role as a precursor in the production of graphene-based materials. 31 G-O is therefore a topical test case, furthered by efforts to process carbon materials using liquid plasmas. [4] [5] [6] We stress the innovative aspect of our approach in that G-O cannot usually be processed in channel-based microfluidic devices as it clogs the reactor. In addition, our technology also avoids the use of other toxic and hazardous chemicals for processing the G-O, highlighting the green chemistry nature of the technology. In a typical experiment, § 3 mL of 0.2 mg mL À1 G-O aqueous solution was plasma processed in the VFD using the confined mode of operation of the device with a rotational speed of 5000 rpm and y = 451. The plasma was generated through AC HV pulses (B17 kV, f AC B 830-910 Hz) that were repeated at a frequency of B230 Hz. The plasma treatment were performed in air with a peak power supplied at 42.5 W for 1 hour, or in nitrogen (N 2 ) with a peak power supplied at 75 W for 10 min.
Here two distinct experimental condition were evaluated to demonstrate the versatility of the platform. The plasma thin film processing of colloidal G-O resulted in the formation of visible aggregates. It has been established that the colloidal stability of G-O is very sensitive to pH, 32,33 with a pH of 1 leading to large-scale visible aggregation and a pH of 14 yields a homogenous dark brown solution. The interaction of air and N 2 atmospheric pressure plasmas with liquid water is also known to influence the pH of the solution. 34 The plasma treatment of the thin-liquid film dropped the pH of the solution from 6 to 2 (air) or 3-4 (N 2 ). The visible aggregation of G-O from the plasma treatment is therefore consistent with this result. In order to understand how the plasma-liquid treatment modified the G-O, the G-O properties were characterised using Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Scanning Auger Electron Microscopy, X-ray Photoelectron Spectroscopy (XPS) and Raman spectroscopy. An original as synthesised G-O has also been studied as a control. TEM images of the original G-O, air-plasma and N 2 -plasma treated G-O samples are shown in Fig. 2 . Layers of stacked G-O can be seen in Fig. 2a , with the corresponding selected area electron diffraction pattern, Fig. 2b , indicating typical characteristics for stacked monolayer G-O sheets. Fig. 2c and d , revealed that the plasma-treatment of the G-O in air induced a morphology change through a crumpling of the G-O sheets. The morphology of the samples was further characterised using a combination of SEM and AFM imaging (Fig. 3) . This crumpling seen in the air plasma treated G-O is reflected by pronounced ripples that alter the topography compared to the flat control. These ripples increased the average roughness of the sample (R a = 48.5 AE 7.4 nm) by a factor of 5 from that of the control (R a = 9.9 AE 0.8 nm). Chemical information about the samples was investigated using Auger spectromicroscopy with elemental mapping of the areas examined using SEM (Fig. 3 ) and XPS and Raman spectroscopy (Fig. 4) . The scanning Auger images highlight the uniformity of the C/O ratio in the control, while the C/O maps for the air plasma treated G-O indicated some surface fluctuations that mimic the wrinkling observed in the SEM image. The elemental composition of the G-O films was further investigated using Auger spectroscopy, with the basal plane C/O ratios of 4.6 AE 1.8, 12.8 AE 4.8, and 4.5 AE 1.3 being observed for the control, air-plasma and N 2 -plasma respectively. This observation is complementary to the XPS C1s analysis where the total percentage of carbon existing in oxygen environments are 39.3% (original G-O), 27.8% (air plasma) and 40.5% (N 2 plasma). This suggests that the low power, 1 hour air-plasma treatment of G-O in H 2 O can partially reduce the G-O, converting CO environments into CC/CH environments. The Raman spectra suggest that this air-plasma treatment doesn't substantially alter the I G /I D band intensity ratio from the control sample. While the sample is partially reduced, the wrinkled nature doesn't facilitate repair of sp 3 to sp 2 bonding, and the intensity of the D band is preserved. 35 Unfortunately the nonuniformity of the deposited films doesn't facilitate further surface characterisations, such as contact angle. The G-O plasma-treated in a N 2 atmosphere at higher plasma power, but shorter treatment time, displays a different morphology change, where it appears that the sheets wrap around themselves to form individual clusters, Fig. 2e and f. The localised influence of the filamentary discharges within the higher power N 2 plasma may induce phenomenologically similar behaviour to microwave spark scrolling of graphene. 36 Here the C/O ratio is not substantially changed from the control. However, Raman spectroscopy indicates that the G-O I G /I D ratio increases with a high intensity N 2 -plasma treatment. This plasma treatment may facilitate platelets breaking on sp 3 defects to create the individual folded clusters, increasing the relative number of G(sp 2 )/D(sp 3 ) domains. The folding/breaking may influence the edge structure to partially suppress the D band, as occurs in graphene. 37 The Auger spectral data also suggest that the N content in the G-O may increase through the N 2 plasma treatment. Lastly, upon inspection of the surface morphologies for the air and N 2 atmospheric pressure plasmas treated G-O, we note that it is different to that observed when G-O solution was pH adjusted by adding HCl, where in that case the G-O sheets folded and assemble into larger packed structures. 33 The localised plasma effects within the thin liquid film may therefore produce morphology changes different from those achieved through pH adjustment of bulk solution. The versatility for materials modification with our technology was further revealed through unique manipulations of G-O morphologies and chemical character with different plasmas chemistries. This highlights the novel processing capabilities of plasma thin-film technologies.
We have developed a processing platform that facilitates novel plasma chemical processing using thin-liquid films, and demonstrate that coupling plasma-liquid interactions into thin film devices can enhance chemical processing and materials manipulation. Further investigations will consider how adjusting the plasma and thin film properties may assist in controlling material synthesis, and extending the work into continuous flow studies. They will also include characterisation of the plasmaliquid interactions with thin-films.
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